. We generated double-transgenic mice expressing human renin (hREN) from a neuron-specific promoter and human AGT (hAGT) from its own promoter (SRA mice) to emulate this expression. SRA mice exhibited an increase in water and salt intake and urinary volume, which were significantly reduced after chronic intracerebroventricular delivery of losartan. Ang II-like immunoreactivity was markedly increased in the subfornical organ (SFO). To further evaluate the physiological importance of de novo Ang II production specifically in the SFO, we utilized a transgenic mouse model expressing a floxed version of hAGT (hAGT flox ), so that deletions could be induced with Cre recombinase. We targeted SFO-specific ablation of hAGT flox by microinjection of an adenovirus encoding Cre recombinase (AdCre). SRA flox mice exhibited a marked increase in drinking at baseline and a significant decrease in water intake after administration of AdCre/adenovirus encoding enhanced GFP (AdCre/AdEGFP), but not after administration of AdEGFP alone. This decrease only occurred when Cre recombinase correctly targeted the SFO and correlated with a loss of hAGT and angiotensin peptide immunostaining in the SFO. These data provide strong genetic evidence implicating de novo synthesis of Ang II in the SFO as an integral player in fluid homeostasis.
Introduction
The renin-angiotensin system (RAS) is known to play a critical role in body fluid regulation through its actions within the kidney and central nervous system. Direct intracranial or intracerebroventricular injection of Ang II causes increases in blood pressure and dipsogenic behavior (1) (2) (3) . Furthermore, centrally administered Ang II receptor antagonists are known to eliminate the cardiovascular effects caused by exogenous Ang II (4) (5) (6) . Although these experiments have provided important evidence that the central nervous system is a target for the pressor and dipsogenic actions of exogenous Ang II, it remains unclear how endogenous Ang II is formed within the brain, where it is located, and how regional Ang II production correlates with specific cardiovascular responses.
Renin catalyzes the first of 2 steps in the processing of angiotensinogen (AGT) to Ang II and has been reported to be expressed in numerous tissues, including the brain. Indeed, there is now clear evidence that all components of the RAS are expressed within the brain. AGT exhibits a widespread distribution in astroglia throughout the brain but a much more selective regional distribution in neurons (7) (8) (9) . Renin was previously identified in neurons (10, 11) , and using a renin promoter-directed enhanced GFP (EGFP) gene, we reported that renin-expressing cells are located in or near regions controlling cardiovascular function and are primarily neurons (12, 13) . Ang II, like other neurotransmitters, has been localized in neuronal processes and in the vicinity of nerve terminals (14) . That renin and AGT are located in close proximity to Ang II receptor-containing neurons suggests a model for local production and action of Ang II. Renin released from neurons would initiate the processing of AGT released from glial cells (and perhaps neurons), eventually forming Ang II, which binds locally to Ang II receptor-containing neurons. Other evidence supporting the existence of an alternative form of renin in the brain that is not secreted, coupled with the observation that some neurons appear to coexpress both renin and AGT (and angiotensin converting enzyme), suggests the potential for intracellular generation of Ang II (15) (16) (17) (18) . Whether this Ang II is packaged into secretory or synaptic vesicles has yet to be determined experimentally.
In the brain, the subfornical organ (SFO) has long been known to be an important cardiovascular control region regulating fluid homeostasis in response to Ang II (19) . However, the SFO is one of several circumventricular organs that lie outside the blood-brain barrier and thus have access to circulating and intraventricular Ang II. Indeed, systemic Ang II causes drinking that is mediated by the SFO (19) (20) (21) . This, coupled with the observation that AGT is abundantly expressed in the SFO, suggests the possibility that SFO Ang II may either be derived (taken up) from the circulation or cerebrospinal fluid (CSF) or synthesized locally from AGT (22) . Angiotensinergic connections between the SFO and hypothalamic nuclei that control drinking have been described in detail (23) (24) (25) .
Consequently, the purpose of this study was to examine the physiological consequences on fluid homeostasis of regional production of Ang II derived from local renin and AGT. Genetic techniques that allow for spatiotemporal control of gene expression and ablation in mice provide innovative tools with which to experimentally dissect complex regulatory systems such as the RAS in the brain (26, 27) . To test the hypothesis that the SFO plays a role in the dipsogenic actions of Ang II derived from the local synthesis of renin and AGT, we used a combination of cell-specific promoters to drive renin and AGT synthesis (28) , an AGT gene modified for cell-specific deletion by Cre recombinase (29) (30) (31) , and the stereotaxic delivery of adenoviruses encoding Cre recombinase (AdCre) to the SFO (27, 31) . We report that targeted expression of hREN and hAGT resulted in a marked increase in water and salt intake, which significantly decreased in response to the blockade of AT1 receptors in the brain. There mice exhibited elevated Ang II specifically in the SFO. SFO-specific ablation of hAGT synthesis by Cre recombinase resulted in a significant decrease in hAGT and Ang II immunostaining in the SFO and correlated with a significant decrease in water intake. These results provide genetic evidence that local de novo synthesis of Ang II in the SFO plays an integral role in regulating fluid hemostasis.
Results
Our recent studies using a dual-reporter transgenic model in which renin-and AGT-expressing cells were identified with EGFP and β-galactosidase, respectively, indicated close localization of renin-and AGT-containing cells in a number of cardiovascular control regions, with renin primarily localized to neurons (12, 13) . Therefore, in order to overexpress Ang II in the brain while retaining the normal cellular distribution of Ang II formation, we bred mice expressing human AGT (hAGT) under the control of its own endogenous promoter with mice expressing human renin (hREN) under the control of the neuron-specific synapsin I promoter (SR mice). We previously reported that the source of circulating hAGT in the hAGT mouse is the liver, whereas in the brain, hAGT is expressed in both astrocytes and neurons (22, 32) . In SR mice, we confirmed that the expression of hREN in this model is restricted to neurons and is not released into the systemic circulation (28) . Because of the species specificity of the renin-AGT enzymatic reaction and the absence of circulating hREN, double-transgenic mice expressing hREN from a neuron-specific promoter and hAGT from its own promoter (SRA mice) would be expected to have increased synthesis of Ang II specifically in the brain.
We first measured arterial pressure in SRA mice by radiotelemetry and observed a significant increase in arterial pressure (121 ± 6 mmHg in SRA mice versus 97 ± 4 mmHg in nontransgenic mice, n = 7; P = 0.004). We then focused entirely on water and electrolyte homeostasis and compared water intake, urinary volume, and salt intake between SRA mice and control littermates. SRA mice exhibited a nearly 3-fold increase in baseline water intake ( Figure  1A ). Accordingly, there was a marked elevation in the production of urine ( Figure 1B) , which was osmotically dilute (Table 1) . When given a choice of tap water or hypertonic saline, the SRA mice exhibited an increased preference (2.3-fold) for sodium consumption ( Figure 1C ). To determine whether the increase in drinking was due to an Ang II receptor, type 1-dependent (AT 1 -dependent) mechanism, we chronically infused losartan using an icv microinfusion pump in separate groups of SRA and control mice. Chronic icv infusion of losartan significantly reduced water intake, urinary volume, and salt intake in both SRA and control mice ( Table 2 ), but the decrease was significantly greater in double-transgenic SRA mice (Figure 2 ). Chronic icv infusion of artificial cerebrospinal fluid (aCSF) did not affect water intake (1.6 ml/10 g body weight [BW]/d versus 1.5 ml/10 g BW/d; P = 0.57) in control mice. Importantly, chronic subcutaneous infusion of the same dose of losartan did not affect water intake in SRA mice (5.4 ml/10 g BW/d versus 5.1 ml/10 g BW/d; P = 0.95).
One of the first phenotypes we observed was a smaller number of weaned SRA offspring than would be expected based on Mendelian inheritance. From a total 2,097 offspring from 123 breeding females, only 259 (in contrast to the expected 524) offspring were genotyped at weaning as double transgenic (P < 0.0001, χ 2 test). There was no apparent difference in the number of nontransgenic (SR -/A -, n = 653) or single-transgenic mice (SR -/A + or SR + /A -, n = 1,185) compared with what was expected, and once SRA mice survived to weaning, there was little mortality observed thereafter. Moreover, there was no difference in the litter size of offspring derived from a breeding of SRA mice (5.9 ± 1.9 pups/litter from 86 litters) compared with other double-transgenic strains, in which no mortality was observed (6.0 ± 1.3 pups per litter from 66 litters; P = 0.72) (33) . To determine a possible reason for mortality in young SRA mice, we measured sodium and potassium output in the survivors. We observed a significant increase in both sodium and potassium output, which suggested the possibility that newborn SRA mice may have had difficulty concentrating their urine or retaining electrolytes (Table 1) .
We next performed immunohistochemistry to assay for the location of angiotensin peptide production in the brain of SRA mice. At the regional level, we observed a dramatic increase in Ang II-like immunoreactivity in the SFO of SRA mice (in Figure 3 , compare B with A and E with D). The specificity of the immunohistochemistry was confirmed by preabsorption with the immunizing peptide 
Figure 1
Volume homeostasis in SRA mice. Water intake (A), urine volume (B), and salt intake (C) in SRA mice (n = 14) and control littermates (Con; n = 25). *P < 0.001 compared with control mice.
(data not shown). Interestingly, this was the only region where an obvious increase in Ang II immunostaining was evident. This observation lead us to hypothesize that the increase in drinking was due to increased de novo production of Ang II in the SFO.
To directly test this hypothesis and to distinguish de novo synthesis of Ang II in the SFO from synthesis of circulating or ventricular Ang II detected by the SFO, we examined the drinking response after targeted ablation of Ang II substrate (AGT) synthesis in the SFO. We took advantage of a genetic tool that we believe to be novel in order to accomplish this goal. We employed what we believe is a new double-transgenic strain (SRA flox ), which was bred from a synapsin-hREN mouse (same as that used to generate SRA mice) crossed with a transgenic mouse engineered to express a modified hAGT containing loxP sites surrounding exon II (hAGT flox ) (29) (30) (31) . The presence of loxP sites surrounding the major coding exon of the gene provides a genetic means of ablating the exon in the presence of Cre recombinase (27) . In the absence of Cre recombinase, the hAGT flox gene is fully functional and expresses hAGT. However, when Cre recombinase is expressed, the gene is functionally crippled because of the deletion of exon II (29) . Expression of Cre recombinase was achieved by stereotaxic microinjection of AdCre directly into the SFO (27, 31) .
We previously reported that the hAGT flox and hAGT transgenes exhibit the same tissue-specific and cell-specific pattern of expression (29, 30) . However, the level of hAGT expression is higher in the brain of hAGT flox mice than in the brain of hAGT mice ( Figure 4A ). An initial evaluation of 23 randomly chosen SRA flox mice revealed a marked increase in water intake averaging 6.8 ± 0.6 ml/10 g BW/d and a concomitant increase in urine volume (6.7 ± 0.8 ml/10 g BW/d) and salt intake (5.7 ± 0.5 μg/g BW/d). Although the magnitude of the drinking response was less, a highly significant increase in water intake (P < 0.001) was also observed in a second independent study pairing SRA flox mice with age-and sex-matched littermate controls ( Figure 4B ). SRA flox mice also exhibited an increase in angiotensin peptides in the SFO ( Figure 3C ).
Next, we directly targeted the SFO by microinjection of either adenovirus encoding EGFP (AdEGFP) alone or both AdEGFP and AdCre together. Seven days after the microinjection, site-specific expression of EGFP on brain sections was confirmed by examination with a fluorescent stereomicroscope ( Figure 5A ). To confirm Cre-mediated recombination, we obtained punches of brain tissue from EGFP-positive and -negative brain segments and performed RT-PCR to confirm the presence of either the normal hAGT mRNA encoding exons 1-5 or the Cre-deleted hAGT mRNA lacking exon 2 (direct splicing of exons 1 to 3, as previously reported in ref. 29 ).
Cre-mediated recombination was evident in those segments exhibiting EGFP staining but not in control segments ( Figure 5B). At the cellular level, we confirmed that the level of hAGT protein in the SFO was unaltered in mice receiving only AdEGFP and that hAGT and EGFP were clearly coexpressed in the same cells ( Figure 6, A-C) . A few cells neighboring the SFO were also observed to express EGFP but not hAGT (arrows in Figure  6C ), indicating transduction of cells both in and just outside the SFO. On the contrary, there was a marked reduction in hAGT staining in the SFO of mice receiving both AdEGFP and AdCre, specifically in those cells expressing the EGFP reporter ( Figure 6 , D-F). Note that there was no overlap in the staining of hAGT and EGFP (the marker of Cre recombinase) except for perhaps 1 or 2 cells (arrow in Figure 6F ).
We next measured water intake before and after injection of AdCre. In the control groups, there was no effect on drinking in response to AdEGFP injection into SRA flox mice or AdCre/AdEGFP injection into SRA mice lacking hAGT flox ( Figure 7A ). There was also no decrease in water intake in SRA flox mice in which we confirmed that AdCre and AdEGFP missed the SFO. On the contrary, AdEGFP/AdCre-transfected SRA flox mice in which the SFO-specific microinjection was confirmed by EGFP fluorescence and RT-PCR exhibited a significant decrease in water intake that reached a nadir 2 days after injection and remained low for the next 6 days (P < 0.05) ( Figure 7A ). A comparison of the change in water intake over the 8-day period after AdCre/AdEGFP injection into SRA flox mice that either missed or hit the SFO clearly demonstrates that local hAGT production in the SFO was required to mediate the elevated drinking ( Figure 7B) .
Finally, to confirm that the decrease in drinking was due to decreased angiotensin peptides in the SFO, we performed immunocytochemistry for angiotensin I/II in the SFO of SRA flox mice that were either injected with AdEGFP alone ( Figure 8A ) or with AdCre/AdEGFP ( Figure 8B ). These data clearly show a significant decrease in angiotensin peptide staining after AdCre injection that matches the background of the immunocytochemical assay evaluated by eliminating the primary antibody ( Figure 8C ). There was no decrease in angiotensin peptide in the SFO when the injection of AdCre/AdEGFP was confirmed to have missed the SFO Pre-losartan, before losartan administration; post-losartan, following losartan administration. A P < 0.05, B P < 0.01 versus before losartan administration.
Figure 2
The effect of chronic icv administration of losartan on volume homeostasis in SRA mice. Change in water intake (A), urine volume (B), and salt intake (C) in SRA mice (n = 9) and nontransgenic mice (n = 6) in response to losartan administered icv. *P = 0.007 (A); **P < 0.001 (B); # P = 0.002 (C) compared with control mice.
( Figure 8D ). Ultrastructural analysis showed strong angiotensin peptide staining in an SFO neuron in the nucleus and cytosol and vesicular structures of uninjected SRA flox mice ( Figure 9 , A and B) but a significant decrease in electron-dense material after injection of AdCre/AdEGFP ( Figure 9C ).
Discussion
There is now considerable evidence that all components of the RAS exist within the brain. At the cellular level, angiotensin II is located in neuronal somata and axons and at nerve terminals (14) . Angiotensin receptors are abundantly expressed on postsynaptic membranes of cell bodies as well as on neuronal fibers (34, 35) . The location of Ang II immunoreactive fibers as well as binding sites for Ang II correlate well with nuclei controlling blood pressure, water and electrolyte homeostasis, and baroreceptor reflex pathways (36) . Exogenous administration of Ang II into Ang II receptor-containing regions of the brain elicits both blood pressure and drinking responses, and the blockade of endogenous Ang II production or action has effects on both (reviewed in ref. 37) . Although the central actions of exogenous Ang II are well documented, the mechanisms controlling its de novo production in the brain remain very incomplete.
The Ang II substrate, AGT, is abundantly expressed and widely distributed in astroglia (8) . Other reports suggest that AGT is also expressed in neurons, although in a much more regionally restricted manner (7, 22) . Renin, on the other hand, has been difficult to identify because its level of expression is quite low and commonly available antisera directed at renin are only marginally effective for immunohistochemical methods. Using a pair of transgenic mice expressing sensitive reporter genes under the control of the renin and AGT promoters, we recently identified regions of the brain containing renin-expressing neurons and AGT-expressing cells that were both closely localized (adjacent) and colocalized (expressed in the same cell) (13) . We therefore developed the SRA and SRA flox models employed herein to assess the physiological consequences of elevated de novo Ang II production under conditions in which renin and AGT were correctly expressed in a cell-specific manner. In our model, the synapsin I promoter targeted expression of renin to neurons, while the endogenous AGT promoter targeted its expression to glial cells and, importantly, the correct population of AGT-expressing neurons (22) . This cell-appropriate overexpression of Ang II resulted in a striking increase in water intake, salt preference, and urine output. Immunostaining revealed that the SFO was the only nucleus with an obvious increase in immunoreactive angiotensin peptides. Interestingly, inspection of multiple brain sections did not provide convincing evidence for elevated Ang II production in other nuclei implicated in drinking, such as the median preoptic nucleus (MnPO) or the paraventricular nucleus (PVN). Consequently, it is possible that in this model system, the SFO was the only nucleus where hREN and hAGT were sufficiently closely localized to generate Ang II. Because the promoter elements used to target expression of the hREN and hAGT genes emulated their natural cellular pattern of expression, one might hypothesize that the SFO is one of the primary locations for de novo synthesis of Ang II in the brain. Nevertheless, future studies will have to address whether enhanced production of Ang II, perhaps at a lower level than is easily detected by immunocytochemistry, occurred in other nuclei regulating fluid homeostasis. Similarly, as our experiment is admittedly an overexpression study, future studies must address whether local production of Ang II in the SFO is required to mediate drinking responses under normal physiological conditions. The SFO has long been thought to be a critical integrating center for regulating many of the physiological responses of Ang II, including drinking (19) . Neurons in the SFO are rich in AT 1 receptors, and Ang II immunoreactive fibers can be traced from the SFO to other regions implicated in homeostatic control (24) . Destruction of these pathways by lesioning the SFO or regions such as the MnPO, which contain angiotensinergic projections from the SFO, or transection 
Figure 4
Expression hAGT in the brain and water intake in SRA flox mice. (A) An RNase protection assay of total RNA purified from independent brain samples removed from 3 SRA and 3 SRA flox mice. The positions of the hAGT-and 28S-protected bands are shown. (B) Water intake in SRA flox (n = 4) and age-and sex-matched littermate controls (n = 9). *P < 0.001 compared with control mice. of these neural pathways abolishes the drinking response to i.v. or locally administered Ang II (24, 25, 38) . That elevated drinking in the SRA model was reduced to baseline when losartan was delivered chronically into the brain strongly supports the dipsogenic response as being AT 1 mediated. Our previous studies suggest the AT 1B subtype of AT 1 receptors may mediate the dipsogenic responses to Ang II (39) . Although the drinking response was completely normalized by AT 1 receptor blockade, future experiments will be required to assess the relative contribution of AT 1A and AT 1B receptors or the role, if any, of AT 2 receptors, which have also been implicated in regulating the drinking response to central Ang II (40) .
The SFO is among a number of circumventricular organs that have access to the circulation. Several models have been proposed to explain the mechanism of angiotensinergic stimulation of the SFO (reviewed in ref. 41 ). In one model, an SFO neuron takes up circulating Ang II by a receptor-mediated mechanism and then releases Ang II inside the cell. The internalized Ang II then undergoes axonal transport and is ultimately released as a neurotransmitter at the synapse, where it binds to AT 1 receptors on the postsynaptic membrane of the connecting neuron or interneuron. Despite the implication that Ang II acts as a neurotransmitter between the SFO and its efferent targets, the one criterion that has long been lacking to classify Ang II as a neurotransmitter is de novo synthesis of Ang II in the presynaptic neuron (reviewed in ref. 41) . It is interesting to note therefore that the SFO is one of the sites in the central nervous system containing both neuronal AGT and renin, which suggests the potential for de novo local synthesis of Ang II even when circulating levels of Ang II are normal (13, 22) . Our data showing that ablation of Ang II substrate synthesis specifically in the SFO markedly diminishes Ang II production in the SFO and attenuates drinking provides compelling evidence for the local production of Ang II in the SFO and its role in signaling the dipsogenic response. The data also complement our previous studies demonstrating that ablation of SFO AGT attenuates the pressor response to an icv infusion of recombinant hREN (31) . These data therefore provide an additional criterion implicating Ang II as a neurotransmitter originating from neuron cell bodies located in the SFO. Our data also suggest the possibility that there are "microdomains" of Ang II synthesis in critical regions of the CNS controlling Ang II-dependent neural output and that Ang II production in these microdomains may be under tight physiological regulation. One of these regions, the rostral ventral lateral medulla (RVLM), controls sympathetic outflow and expresses renin and AGT locally (13) . A recent, elegant study by Allen et al. showed that targeting a constitutively active AT 1 receptor to glial cells in the RVLM caused hypertension (42) . One model posited by the authors is that glial AT 1 receptors may modulate the synthesis, and perhaps release, of glial AGT, thus providing a regulatory circuit controlling the level of Ang II substrate available to interact with neuronal renin.
In interpreting our results, we recognize that the level of drinking was not completely normalized after SFO-specific delivery of Cre recombinase. This would be consistent with either an incomplete ablation of Ang II production in the SFO or local Ang II synthesis in other hypothalamic nuclei controlling drinking (43) . Whereas our immunocytochemical data show efficient ablation of hAGT synthesis in EGFP-labeled cells, the extent of EGFP reporter expression in the SFO varied among experimental mice. Consequently, the most likely explanation is incomplete ablation of Ang II production in the SFO. However, although we did not obtain convincing evidence for elevated Ang II production in other nuclei implicated in drinking, the importance of these nuclei cannot be ruled out by the studies performed herein. Consequently, studies must be undertaken to determine whether de novo Ang II production in other circumventricular organs or in nuclei along the neural pathway initiated in the SFO is necessary for regulating angiotensinergic dipsogenic responses initiated in the SFO. Whereas our results indicate that de novo synthesis of Ang II in the SFO is necessary for increased water intake, studies are currently underway to assess whether Ang II production in the SFO and elsewhere is sufficient to mediate increased water intake.
Along these lines, we and others have provided convincing evidence that the Cre-loxP recombinase system offers a unique tool to dissect neural pathways in the brain (31) . At the level of the whole brain, cell-specific promoters can be used to target Cre recombinase expression to specific cell types (i.e., neurons or glia). Although our ability to target specific populations of neurons has improved (44, 45) , examining regional angiotensinergic pathways has become more difficult, as promoters that have the ability to target specific regions of the brain, such as the SFO or MnPO, have yet to be identified. Certainly will be one of the long-anticipated outcomes of the brain genome and mapping projects (46) . In the meantime, viral delivery of Cre recombinase provides an innovative tool for the region-specific ablation or even activation of gene expression (47) . Recent technological developments that employ retrograde transport of infected viruses or the cellular tropism of specific viruses have provided a means to target specific cell types in the brain, follow specific neuronal pathways, and ablate expression of genes at sites distant from the sites of infection (27, 48) . Although we did not observe evidence for retrograde transport of AdEGFP from the SFO in our experimental system, studies could be performed in which the virus is injected into the PVN or MnPO to assess the relative contribution of the SFO-MnPO and SFO-PVN pathways. The next obvious step will be to use the molecular tools developed herein to dissect the neuronal pathways mediating the drinking response.
Methods
Animal models. Transgenic mice encoding the hREN gene under the control of neuron-specific promoter synapsin I (SR mice), and hAGT under its endogenous promoter, were previously described (28, 32) . We also previously generated and characterized transgenic mice containing the hAGT gene in which exon II, the major coding exon of the gene, is flanked by loxP sites (termed hAGT flox ) and an AdCre (29, 30) . All mice were maintained by successive generations of backcross breeding to C57BL/6J mice (The Jackson Laboratory). SRA and SRA flox double-transgenic mice were generated by crossbreeding heterozygous SR mice with heterozygous hAGT or hAGT flox transgenic mice. Double-transgenic mice were identified by PCR of tail DNA using hREN-and hAGT-specific primers as described in refs. 28 and 32. Because of the strong species specificity of the renin-AGT enzymatic reaction, there is no significant phenotypic difference between single-transgenic SR + /A -or SR -/A + and nontransgenic SR -/A -animals (49). Therefore, only 2 experimental groups (SRA and SRA flox ) and 1 control group (single-transgenic or nontransgenic littermates) were used in our studies. All mice were fed standard mouse chow (LM-485; Teklad Premier Laboratory Diets) and water ad libitum. Care of the mice used in the experiments met the standards set forth by the NIH in their guidelines for the care and use of experimental animals. All procedures were approved by the University Animal Care and Use Committee at the University of Iowa.
Viruses. Adenoviruses were constructed in the Gene Transfer Vector Core at the University of Iowa. We used 2 adenoviral vectors, AdEGFP and AdCre. We microinjected either AdEGFP alone (as a control) or a mixture of AdCre and AdEGFP into the SFO of SRA flox and SRA mice (27) . Mice 16-20 weeks of age were anesthetized and placed in a stereotaxic frame, and a hole was made 0.65 mm posterior to the bregma. A glass micropipette (5 μm OD) was filled with the viruses and inserted 2.9 mm below the skull surface. The site of microinjection was defined according to an atlas of the mouse brain (50) . The adenoviral suspension contained 5 × 10 9 PFU/ml and was injected at a rate of 0.4 μl/min (100 nl total volume). After the injection, all mice were allowed to recover from anesthesia and were free to move around their home cage.
Physiological measurements. Water and salt intake were measured as described previously (28) . Briefly, water intake of individual mice in metabolic cages with standard chow and tap water in burettes ad libitum was measured once per day. To determine salt intake, mice were fed salt-deficient chow and given 0.3 mol/l hypertonic saline and tap water in separate, randomized burettes. Salt intake was calculated as a total weight of salt that each mouse consumed in 24 hours. Urinary volume was measured by collecting 24-hour urine in metabolic cages with standard chow ground and mixed with tap water (100 g chow/150 ml water) and tap water ad libitum daily. Baseline measurements were obtained individually and were calculated as the mean during 3 consecutive days.
Some mice were also instrumented with icv cannulas for chronic microinfusion of either AT1 receptor antagonist, losartan, or artificial CSF into the lateral ventricle as previously described (31, 33, 39) . Briefly, mice were placed in a stereotaxic apparatus so that the head was aligned and the lambda-bregma plane was horizontal. A hole was made 0.3 mm posterior and 1.0 mm lateral to the bregma, and a cannula (25 gauge) was inserted 3.2 mm below the skull surface and fixed in place. Drug infusions were made through the cannula, which was connected to PE-50 tubing fitted with osmotic minipumps (model 1002, Alzet; DURECT Corp.) implanted subcutaneously. AT1 receptor antagonist, losartan (1 μg/0.21 μl/h), dissolved in aCSF (in mmol/l: NaCl 136, KCl 5.6, NaHCO3 16.2, NaH2PO3 1.2, MgCl2 1.2, and CaCl2 2.2, pH 7.4), was infused chronically for 14 days. Chronic icv infusion of aCSF (0.21 μl/h) or chronic subcutaneous infusion of losartan (1 μg/0.21 μl/h) was performed as a control. Water, salt intake, and urinary volume were calculated for 4 consecutive days (days 8 to 11) after the icv administration of losartan. The same measurements were recorded for 8 consecutive days after microinjection of adenoviruses.
Molecular assays. Brains from control, SRA, and SRA flox mice were harvested, snap-frozen in liquid nitrogen, and RNA was purified using TriReagent (Molecular Research Center Inc.). We confirmed the local expression of Cre recombinase produced by AdCre in and near the SFO by using a fluorescent stereomicroscope to identify the region labeled by EGFP. A 1-mm-thick coronal brain section that included the SFO was cut with a brain matrix (catalog number BS-5000C; Braintree Scientific) and quickly frozen. A section containing SFO transfected with AdCre or AdEGFP was placed on a glass dish and photographed under a fluorescent stereomicroscope with a 488-nm excitation beam and appropriate filter sets to visualize EGFP expression. We then excised the fluorescent material by needle punch. We performed RT-PCR on RNA derived from this excised tissue to confirm Cre-mediated gene deletion. A 1,060-bp fragment for the non-recombined DNA fragment and 202-bp fragment for recombined DNA fragment were expected using the following primers: 5'-GCTGCCGTTGTTCTGGGTA-3' and 5'-GCAGGCAGGCGCTCTCAGT-3' (29, 30) .
AGT and Ang I/II immunocytochemistry. Immunocytochemistry for hAGT was performed as previously described (28, 51) . For angiotensin peptides, nontransgenic, SRA, and SRA flox mice were anesthetized and perfused with PBS containing 4% paraformaldehyde and 1.0% glutaraldehyde. Brains were removed, postfixed in the same fixative for 24 hours and cut by vibratome into 35-to 50-μm-thick coronal sections. Sections were then incubated overnight in a 1:300 dilution of primary goat anti-Ang I/II antibody (N-10 Angiotensin I/II antisera, catalog number sc-7419; Santa Cruz Biotechnology Inc.). Sections were then washed with PBS and placed in 1:200 biotinylated secondary antibody, followed by biotin detection with solutions from VECTASTAIN ABC Elite kit (Vector Laboratory). Visualization was with treatment with 3,3'-diaminobenzidine (DAB) plus hydrogen peroxide or FITC-labeled streptavidin. For control studies, the adjacent sections were either processed using the same protocol but without primary antibody or processed with primary antisera that was preabsorbed with immunizing peptide. Preabsorption eliminated Ang I/II immunoreactivity in the SFO from both nontransgenic and SRA flox mice. Sections were coverslipped and observed with a Nikon light microscope. Sections taken for electron microscopic analysis were postfixed with 1% OsO4, rinsed, dehydrated, and flat embedded in a mixture of Epon-812 and Araldite-502 (both from Electron Microscopic Sciences). The SFO was photographed using a Nikon microscope, then cut out from flat section using beveled cuts to preserve orientation. Ultrathin sections were cut using a Leica ultramicrotome, after which the sections were stained with uranyl acetate and lead citrate and examined under a Jeol-1230 electron microscope. Under electron microscopic examination, we considered a structure to be labeled (immunoreactive) if it showed a highly electron-dense DAB reaction product in comparison with that shown in adjacent structures.
Digital imaging. All light microscopic images were taken with a digital camera (Sciscope Instrument Co.) attached to a Nikon light microscope. Electron microscopic images were also taken with a Gatan UltraScan 1000 2k×2k charge-coupled device digital camera.
Statistics. All values are expressed as mean ± SEM. Data were analyzed by 2-tailed Student's t test when only 2 groups were compared. For the 4-group analysis of the drinking response to SFO-specific injection of AdCre, we used 2-way repeated measures ANOVA with the Bonferroni posthoc correction for multiple comparisons. All data were analyzed with SigmaStat (version 3.5; Systat Software). Differences were considered significant at P < 0.05.
